area during functional range of motion were at risk of engagement with the anterior glenoid. They termed these lesions ''off-track.'' In recent years, studies have successfully applied this concept to clinical populations, and an ''off-track'' lesion has been shown to be a significant predictor of recurrent instability after Bankart repair. 26, 27, 35 Many surgeons currently regard the Latarjet procedure as the preferred treatment modality to address large engaging ''off-track'' Hill-Sachs lesions. [11] [12] [13] 17, 19, 21, 29, 38 Multiple studies have attempted to assess the ability of the Latarjet procedure to treat glenoid defects by measuring the coracoid process thickness and relate it to the size of the dimensions of the native glenoid. 5, 14, 24 Based on these measurements, it is thought that glenoid deficiencies up to 35% may be successfully treated with the Latarjet procedure.
Mook et al 29 recently published the only clinical study applying the glenoid track concept to a patient population treated with the Latarjet procedure. They found that patients predicted to have a persistent ''off-track'' lesion postoperatively, based on their underlying coracoid anatomy and amount of bipolar bone loss measured on preoperative imaging, were 4 times more likely to experience postoperative instability. Furthermore, the width of the native coracoid was directly associated with postoperative stability, confirming the previous results on coracoid thickness measurements.
In our opinion, such measurements on preoperative imaging may not accurately reflect reality, as this neglects any intraoperative changes to the coracoid dimensions during coracoid osteotomy and shaping to fit the anterior glenoid defect as well as changes to glenoid defect dimensions during glenoid preparation. More importantly, however, postoperative bone remodeling, which is well documented in the literature after bone block procedures and which may affect Hill-Sachs engagement over time, is not accounted for with such methods. 9, 10, 16, 42 The purpose of this study, therefore, was (1) to evaluate the ability of the Latarjet procedure to transform an ''offtrack'' to an ''on-track'' lesion in a clinical population and (2) to follow up these lesions radiologically to see if they remain ''on-track'' postoperatively, despite the welldocumented natural glenoid remodeling processes after a bone block procedure. We hypothesized that the Latarjet procedure would be able to transform ''off-track'' lesions to ''on-track'' lesions and to keep the Hill-Sachs lesion ''ontrack,'' despite glenoid remodeling.
METHODS
The study protocol was approved by the local ethics committee before initiation of this study (approval No. CERC-VS-2016-02-2).
Study Population
The clinical records of all patients treated with the arthroscopic Latarjet procedure for anteroinferior shoulder instability between March 2013 and May 2014 in our unit were retrospectively evaluated. Further inclusion criteria were (1) ''off-track'' Hill-Sachs lesions on preoperative 3-dimensional computed tomography (3D-CT), (2) complete 3D-CT scans of the affected shoulder at 6 weeks postoperatively, and (3) 3D-CT scans at a minimum 6-month follow-up. Patients investigated preoperatively or at followup with only magnetic resonance imaging or radiography were excluded from the study.
In accordance with the study's inclusion criteria, 3D-CT scans were available for all patients preoperatively as well as at 6 weeks postoperatively. Six-month follow-up CT scans were available in 21 patients (81%), and final follow-up CT scans at a minimum of 12 months postoperatively were available in 19 patients (73%). The mean final follow-up was 23 6 6.8 months (range, 12-33 months).
Surgical Technique
Our patients were treated with a standard all-arthroscopic Latarjet procedure as described by Lafosse et al. 22, 23, 31 All procedures were performed by the senior author (L.L.). In brief, patients were placed in the beach-chair position under general anesthesia with an interscalene block. No traction or arm holder was used.
After diagnostic arthroscopic surgery and confirmation of the indication, the bone bed at the anterior glenoid was prepared with a bur. The rotator interval was then widely opened to expose the coracoid process. The clavipectoral fascia was incised lateral to the conjoined tendon and the space between the coracoid process and pectoralis major opened.
The acromioclavicular ligament and pectoralis minor tendon were released from the coracoid and 2 holes predrilled for later graft fixation using a coracoid drill guide. The coracoid was then osteotomized.
The subscapularis tendon was split between the inferior and medial thirds, lateral to the axillary nerve as it crosses anterior to the subscapularis tendon at the level of the myotendinous junction. The anterior glenoid was exposed and the glenoid tunnels for later graft fixation placed. The predrilled coracoid graft was then fixed to a doublebarreled cannula (DePuy Synthes) and shaped with a bur to fit the anterior glenoid graft bed. The graft was transferred through the tendon split and secured in the prepared bed at the anterior glenoid using two 3.5-mm cortical screws. If necessary, a bur was then used to carefully shape the graft to sit flush to the glenoid articular surface.
Postoperatively, an immediate return to daily activities, without range of motion restrictions and limited only by pain, was permitted. A sling was used only for comfort. A progressive return to low-impact sports was initiated at 6 weeks and to contact and overhead sports after 3 months.
Data Collection
Demographic data as well as data on patient history (previous surgery, age at surgery, duration of preoperative instability, and number of dislocations) and the preoperative instability severity index score were prospectively collected and stored in the department's patient database. 1 These data were retrospectively analyzed to describe the study population. At the time of final follow-up CT, any postoperative episodes of recurrence of instability were recorded.
Radiographic Evaluation
Preoperative 3D-CT scans as well as postoperative scans were retrospectively evaluated. Glenoid track measurements were performed as described by Di Giacomo et al. 13 Using 3D-CT, an en face view of the glenoid was created. As contralateral shoulder scans were not available as a reference, measurements of glenoid bone loss were performed using the best-fit circle technique. 2 This method uses a best-fit circle placed at the inferior glenoid and evaluates the resulting radius. Double the radius corresponds to the native glenoid diameter. The defect size of the anterior glenoid and the actual glenoid width were measured at the 3-o'clock glenoid position (with reference to the right shoulder) 32 ( Figure 1A ). The glenoid track was evaluated by calculating 84% of the width of the native glenoid and subtracting the defect size of the anterior glenoid. 13, 40 On the humeral side, the Hill-Sachs interval, which describes the medial extent of the Hill-Sachs defect, was quantified using a posterior view of the humeral head 3D-CT reconstruction. The length of the Hill-Sachs interval corresponds to the width of the Hill-Sachs lesion plus the width of any bone bridge between the rotator cuff insertion and the lateral aspect of the Hill-Sachs lesion ( Figure  1B ). If the glenoid track value was smaller than the HillSachs interval, the lesion was termed ''off-track.'' 13 Additionally, to evaluate the remodeling process of the coracoid graft postoperatively, the graft contact surface area was measured on 3D-CT in an en face glenoid view at follow-up (Figure 2) . Furthermore, the actual glenoid diameter as a percentage of the native glenoid was calculated.
All measurements were performed by 2 fellowshiptrained orthopaedic shoulder surgeons in consensus, using Horos imaging software (version 1.1.7; horosproject.org).
Statistical Analysis
Statistical analysis was performed using SPSS software version 23 for Mac (SPSS Inc). All data were tested for normal distribution using the Kolmogorov-Smirnov test. For normally distributed data, the paired t test was used. Nonnormally distributed data were analyzed by the Wilcoxon signed-rank test for paired data. A P value of .05 was considered significant. Means 6 SDs and ranges are presented, unless otherwise indicated.
RESULTS

Study Population
Twenty-six patients met the inclusion criteria for this study. The mean age at the time of surgery was 32.4 6 10.5 years (range, 18-55 years), and the mean preoperative instability severity index score was 5.1 6 1.7 (range, 2-9). (A) Glenoid measurements on preoperative 3-dimensional computed tomography (3D-CT) as described by Di Giacomo et al. 13 The defect size of the anterior glenoid (red line) and the glenoid width (black line) were measured at the 3-o'clock glenoid position on an en face view. The longitudinal axis (blue line) of the glenoid and a best-fit circle placed at the inferior glenoid (blue circle) were used as references. Double the radius of the circle corresponds to the estimated native glenoid diameter. (B) Hill-Sachs lesion measurements on preoperative 3D-CT as described by Di Giacomo et al. 13 The width of the Hill-Sachs lesion (red line) and the width of the bone bridge (black line) were measured on a posterior view of the humeral head. The medial margin of the rotator cuff attachment (dotted blue line) was used as a reference. Figure 2 . Glenoid measurements on follow-up 3-dimensional computed tomography as described by Di Giacomo et al. 13 The en face view shows typical coracoid graft remodeling, in this case, with a very proud superior screw. The postoperative glenoid width (black line) was measured at the 3-o'clock glenoid position on an en face glenoid view. The longitudinal axis (blue line) of the glenoid and a best-fit circle were placed at the inferior glenoid (blue circle) and used as references. The contact surface area of the coracoid graft was measured (light blue area).
In 3 patients (12%), the Latarjet procedure was performed as revision of a failed previous Bankart repair. There were no infections and no neurovascular lesions or revision surgery within our patient population. At the latest follow-up at 23 6 6.8 months after surgery, no patient reported a recurrent shoulder dislocation. Detailed demographic details are provided in Table 1 .
Radiographic Outcomes
The mean preoperative glenoid size was 24.0 6 2.8 mm (range, 16-30mm), and the mean dimension of the HillSachs lesion was 19.7 6 4.3 mm (range, 11.7-29.2 mm).
Postoperatively, the Hill-Sachs lesions of all patients at 6 weeks postoperatively, 6 months postoperatively, and final follow-up (23 months after surgery) remained ''ontrack.'' Of these, 6 patients (32%) remained ''on-track'' only because of persisting glenoid arc enlargement. At 6 months postoperatively, all coracoid grafts had achieved union on 3D-CT.
The mean glenoid track width changed significantly from preoperatively to 6 weeks postoperatively (P \ .001). Between 6 weeks and 6 months postoperatively, no reduction of the glenoid track width was observed (P = .114); however, the glenoid track decreased significantly between 6 months and final follow-up (P = .005). Detailed data on the preoperative and postoperative glenoid track are provided in Table 2 .
Analogous to the glenoid track, the mean glenoid diameter changed from 84.6% 6 6.1% (range, 75%-95%) of the native glenoid dimensions preoperatively to 122.8% 6 9.4% (range, 107%-138%) at 6 weeks (P \ .001) and from 120.5% 6 9.2% (range, 105%-135%) at 6 months postoperatively to 113.9% 6 10.8% (range, 94%-131%) at final follow-up (P = .005), with no significant glenoid remodeling observed between 6 weeks and 6 months (P = .106) (Figure 3) .
The mean coracoid graft articular contact area was seen to change significantly between all follow-up time points, from 184. 5 2 ) at final follow-up (P = .024 and P = .002, respectively) ( Figure 4) .
The persisting glenoid arc enlargement at final followup avoided a recurrent ''off-track'' Hill-Sachs lesion in 6 of 19 patients (32%), which would not have been the case had their glenoid arcs remodeled to native dimensions. In 2 patients, glenoid remodeling was observed at final follow-up, which brought the resulting glenoid arc below the calculated native glenoid size. In one patient, the glenoid was 98% of the native glenoid 30 months postoperatively, and in the other patient, severe coracoid graft osteolysis was observed, with a change of the glenoid diameter from 32 mm at 6 months to 25 mm at 28 months postoperatively, equivalent to 94% of the native glenoid. In both of these patients, the Hill-Sachs lesions remained ''on-track'' throughout follow-up, and no patients complained of subjective instability.
DISCUSSION
Our study confirms that the Latarjet procedure is an effective tool in the treatment of ''off-track'' Hill-Sachs lesions in a clinical patient population. This effect persists, despite glenoid remodeling, at a mean of 23 months postoperatively. Our results therefore confirmed our hypotheses. No Hill-Sachs lesion in our population remained ''off-track'' postoperatively or became ''off-track'' again in the course of the follow-up examinations, despite postoperative glenoid remodeling processes as judged by the loss of coracoid graft surface area and reduction of the glenoid diameter.
Our findings differ from the results of Mook et al, 29 who approximated the postoperative glenoid track width by adding the width of the waist of the coracoid to the preoperative glenoid diameter on preoperative 2-dimensional imaging. According to their calculations, 8 of 38 patients in their patient population remained ''off-track'' postoperatively.
A primary ''off-track'' Hill-Sachs lesion could persist after the Latarjet procedure, as this only addresses the glenoid bony defect, thus increasing the glenoid track, but leaves the Hill-Sachs lesion untreated. A large HillSachs lesion with far medial extension may overcome successful extension of the glenoid arc and remain ''off-track.'' Our clinical data support previous authors' suggestions that persistent ''off-track'' lesions are rare after the Latarjet procedure. 12, 13 When the Latarjet procedure is performed arthroscopically, persisting engagement of the Hill-Sachs lesion can easily be examined at the end of the procedure under direct visualization. In such situations, additional bone grafting of the humeral head lesion or remplissage of the Hill-Sachs defect has been proposed. 12, 13 On post-operative imaging, all glenoid measurements in this cohort showed a mean persistent enlargement of 23%, with partial resorption and glenoid remodeling over the course of follow-up, a finding well documented in the literature after the Latarjet procedure.
9,10,16,42 Di Giacomo et al 9 published the first study attempting to quantify the volume of bone loss using CT. They found that nearly 60% of the graft was resorbed at a mean 17.5-month follow-up and that resorption predominantly occurred superiorly and superficially. Significant resorption of the superior half of the coracoid graft was recently described by Haeni et al 16 using 3D volume measurements at 6 months postoperatively. In the present study, a significant loss of coracoid graft contact surface area between 6 weeks and 6 months postoperatively was found. Interestingly, the glenoid track width and glenoid diameter did not change significantly within the first 6 months after surgery, suggesting that bone at the 3-o'clock position of the glenoid, where measurements were taken, may remodel more slowly than the graft surface area overall. This observation may be explained by higher biomechanical loading at this position on the glenoid, which may slow or even avoid bone mass resorption as described by Wolff's law.
Although the width of the glenoid track and the glenoid diameter changed significantly between 6 months and final follow-up, we found a mean persisting enlargement of the glenoid of 14% at 23 months postoperatively. These results from the Latarjet procedure stand in contrast to a previous report on free iliac crest bone graft augmentation of the glenoid by Moroder et al, 30 who reported nearly anatomic remodeling of the glenoid to its native dimensions in all patients at 1-year follow-up. Such contrasting observations may be explained to some extent by the conjoined tendon, which remains attached to the coracoid graft in the Latarjet procedure. This thick tendon exerts persistent tensile stress on the coracoid graft, which may avoid complete remodeling of the anterior glenoid, again according to Wolff's law. An improved blood supply to the graft through the attached conjoined tendon may likewise help avoid graft osteolysis.
To our knowledge, persisting enlargement after the Latarjet procedure has not yet been described in the literature. Together with the soft tissue sling effect of the transposed conjoined tendon, which has previously been described in biomechanical studies, persisting enlargement of the glenoid arc may explain low rates of recurrent instability seen with the Latarjet procedure even in very long-term follow-up series. 28, 37, 41 The importance of this persistent enlargement becomes more apparent if we calculate the glenoid track for our study population, assuming complete remodeling of the glenoid to its native dimensions. In this scenario, for 6 of 19 patients (32%), the Hill-Sachs lesions persisting at 23 months postoperatively would once again be ''off-track.'' Despite the well-described sling effect of the conjoined tendon in the Latarjet procedure, a recurrent ''off-track'' HillSachs lesion does risk engagement and subsequent recurrent instability. 37, 41 Two patients in our study showed remodeling below the native glenoid diameter. In the first patient, the glenoid was 98% of the estimated native size, which, in the opinion of the authors, lies within the range of measurement error and should be regarded as complete anatomic glenoid evolution. In the second patient, however, graft osteolysis beyond estimated native glenoid dimensions was evident. In addition to the biomechanical factors previously discussed, biological factors such as bone-graft contact, blood supply, and infections are all potential factors in graft osteolysis. 9, 10, 42 In this particular case, a persisting gap between the graft and glenoid was observed on initial postoperative (6 weeks) cross-sectional imaging, potentially indicating imperfect compression of the graft; however, on 6-month imaging, this gap was seen to have been completely bridged and the graft fully united. Nonetheless, this initial lack of compression may be a contributing factor to the subsequently observed osteolysis between the 6-and 28-month follow-up examinations.
There are several limitations of this study that must be considered. First, not all patients underwent 3D-CT at all follow-up time points. Second, only patients with a complete set of preoperative, 6-week, and minimum 6-month follow-up scans were included in the study, raising the possibility of a selection bias. Third, the number of patients meeting the inclusion criteria for the present study was limited, although this itself reflects the low incidence of ''offtrack'' glenoid lesions, which have been described as occurring in only approximately 7% of patients with recurrent anterior glenohumeral instability. 21 By contrast, the strengths of the present study include the selection criterion, recruiting only patients with ''offtrack'' lesions, which represents the classic indication for the Latarjet procedure, as well as the rigorous application of 3D-CT to precisely evaluate the dimensions of these bipolar glenohumeral lesions. Likewise, the nature of this single experienced surgeon series represents a significant strength in limiting some of the variables associated with differing surgical techniques and indications.
To our knowledge, this is the only study to date that applied the glenoid track concept to patients undergoing the Latarjet procedure for bipolar ''off-track'' lesions, performing 3D-CT follow-up examinations. Further directions for research would include a longer term follow-up of such patient cohorts to further evaluate long-term glenoid remodeling and the effect of operative technique on graft evolution (open vs arthroscopic).
CONCLUSION
The Latarjet procedure is an effective treatment in transforming ''off-track'' Hill-Sachs lesions to ''on-track'' lesions and therefore preventing recurrent engagement. All lesions remained ''on-track'' at all postoperative follow-up time points, despite an evident element of glenoid remodeling. At a mean of 23 months postoperatively, a mean persisting enlargement of the glenoid of 14% was observed. This persisting enlargement of the glenoid arc prevented a recurrent ''off-track'' lesion in 32% of patients, which would not have been the case had the glenoid remodeled to native dimensions.
